This work demonstrates a simple strategy for producing highly selective adsorption magnetic ion imprinted mesoporous silica (MIIMS) nanocomposites. They have been functionalized by a g-(aminoethylamino)
Introduction
Cadmium is a toxic metal element that causes serious health hazards to humans and has been considered as one of the most serious environmental pollutants. Prolonged exposure to cadmium can very likely cause renal dysfunction, diabetes, cardiovascular diseases and cancers even at a very low concentration.
1,2 Many researches have conrmed that cadmium can be transferred from water to plants and to human bodies. Some industrial effluents, such as mining wastewater and waste electroplating solutions, which oen have complicated chemical compositions, are the major sources of environmental cadmium pollution.
3 Therefore, developing an economic and effective method to remove cadmium from contaminated water is a vital requirement.
Plenty of methods for the uptake and elimination of Cd 2+ have been put forward, including chemical precipitation, ion exchange, electrochemical treatment, membrane ltration, and adsorption. [4] [5] [6] [7] [8] [9] [10] Among them, adsorption has attracted growing attentions due to its high efficiency, operation convenience, and environmental friendliness. 11 A variety of adsorption materials, viz. activated carbon, polymeric resins, organoclays, humic acids and plants have been developed to remove Cd 2+ from contaminated aqueous systems. 12 However, several limitations, such as very long adsorption and separation time, low uptake affinity or high cost of manufacturing have inhibited their applications in real environment. Thus, developing of new adsorption materials with high efficiency, wide range of applicability and low cost has become important.
Mesoporous silica has been explored widely as adsorbents of organic compounds, biomolecules and heavy metals due to their large surface area, tunable porosity, uniform pore-sizedistribution, controlled morphology and high stability.
13-17
However, the anti-interference ability of mesoporous silica in complex samples is relatively poor, which severely hinders its practical applications in water treatment.
Molecularly imprinted polymers (MIPs) have been used as solid phase extraction adsorbents because they possess binding sites with selective recognition capability toward a given target molecule. 18 In general, MIPs offer high selectivity, low cost, durability and reusability. Therefore, molecular imprinting has become a well-recognized powerful technique in recent years for developing efficient adsorbents for wastewater treatment.
19,20
However, traditional metal ion imprinted polymers (MIIPs) exhibit a low adsorption capacity and poor site accessibility to the target because the binding sites are typically embedded within a highly cross-linked polymer matrix.
Metal ion imprinted mesoporous silica had also been reported in the past. 21 Commonly, the mesoporous silica materials can be modied by co-condensation 22 and graing. 23 Cocondensation modication involves simultaneous addition of corresponding silica and structure-directing agents (SDAs) with organosilica precursors and template, where the organofunctional groups covalently anchor in the pore walls, 24 which can effectively overcome some shortcomings of the graing synthesis, such as loss of surface area, pore blocking, and heterogeneous distribution of recognition sites. 25 Recently, highly ordered metal ion imprinted mesoporous silica have been synthesized by co-condensation for heavy metal wastewater treatment.
26 Those nanoparticles with small particle sizes are more advantageous with respect to adsorption equilibrium and kinetics. However, separation of certain substances from multiphase complex systems by ion imprinted mesoporous silica is quite troublesome, introducing certain restrictions in the use of these adsorbents.
In recent years, magnetic mesoporous silica has been extensively investigated due to their combination of multifunctional mesoporous structure and inherent magnetic property. The magnetic nanocomposites could be easily isolated from a matrix by using an external magnetic eld instead of centrifuging or l-trating. [27] [28] [29] By encapsulating magnetic components into ion imprinted mesoporous silica, high molecular accessibility and specic recognition can be combined with magnetic properties to obtain a novel solid phase extraction material with highly selective recognition, large adsorption capacity, fast adsorption kinetics, and simple and rapid solid-liquid separation.
30-36
In this work, we reported a novel magnetic ion imprinted mesoporous silica (MIIMS) nanocomposites with a magnetite (Fe 3 O 4 ) core and highly ordered Cd 2+ imprinted mesoporous silica shell via a simply co-condensation synthetic method. The synthesis procedure has been shown in Scheme 1. N-[3-(Trimethoxysilyl)propyl]ethylenediamine (AAPTS) and tetraethoxysilane (TEOS) were chosen as the functional monomer and cross-linker, respectively, while cetyltrimethylammonium bromide (CTAB) was used as the SDAs. The prepared MIIMS was characterized by small angle X-ray diffraction (XRD), transmission electron microscopy (TEM), nitrogen adsorptiondesorption isotherms and vibrating sample magnetometer (VSM). Finally, its adsorption behavior in aqueous solutions was investigated and compared to magnetic non-imprinted mesoporous silica (MNIMS). 
Materials and methods

Preparation of MIIMS
In a one-step process, 55 mg CdCl 2 $2.5H 2 O and 220 mg AAPTS were dissolved in 10 mL DDW and stirred for 2 h at 60 C to form a pre-assembly solution. Next, 0.53 g of CTAB and 2.8 g of ammonia aqueous solution (25 wt%) were dissolved in 110 mL of DDW and stirred at 30 C. Then, 100 mg of Fe 3 O 4 was added to this ammonia solution under vigorous stirring to form a homogeneous dispersion system. Aer stirring for 0.5 h, the pre-assembly solution was added to this mixture and stirred for another 0.5 h. Following that, 1.08 g TEOS was introduced dropwise into the mixture under vigorous stirring. The stirring was continued for 24 h. The MIIMS product was separated from the mixture by a magnet, and rinsed with ethanol and DDW. Any Cd 2+ in the product was extracted by ethanol/HCl (9 : 1, v/v) solution to obtain the nal MIIMS product. Magnetic nonimprinted mesoporous silica (MNIMS) was prepared using the same procedure but excluding CdCl 2 .
Apparatus and analytical conditions
Small angle X-ray diffraction (XRD) measurements were conducted with Bruker D8 Advance Scattering system using Cu Ka (l ¼ 1.5405Å) radiation over a range of 0.5-10 2q. Fourier transform infrared spectra (FTIR) were recorded using a Varian DRX-400 Fourier Transform Spectrophotometer. The target compounds were also characterized by transmission electron microscope (TEM, Hitachi HT7700, Japan). N 2 adsorptiondesorption measurements were carried out at 77 K using Belsorp-Max surface area and pore size analyzer. Surface areas were calculated by the Brunauer-Emmett-Teller (BET) method, and the pore volume and pore-size distributions were calculated using the Barret-Joyner-Halenda (BJH) model. Metal ion concentrations were recorded on a Varian 730 ES Inductive Coupled Plasma Emission Spectrometer.
Adsorption experiment
Adsorption experiments were carried out using 10 mg MIIMS or MNIMS and 10 mL solution at 25 C. vibration of CH 2 , while the peak at 1470 cm À1 was attributed to the CH 2 in plane bending vibration. 37 The peaks for CH 2 decreased signicantly aer Soxhlet extraction, which conrmed that CTAB was extracted from the silica matrix. The appearance of NH 2 bending vibration at 1640 cm À1 veried that the g-(aminoethylamino) propyl chelating group was successfully incorporated into the mesoporous silica. The peaks at 1230, 1060, 770 and 590 cm À1 were typical Si-O-Si bonds and showed that the MIIMS was mainly composed of silica material. 3.1.2. XRD patterns. The crystalline structure of MIIMS was analyzed by wide-angle XRD. As shown in Fig. 1b, Fig. 1c , three characteristic diffraction peaks of (100), (110) and (200) were observed, which revealed that the MIIMS owned a long range ordering of the porous structure and well-formed hexagonal pore arrays despite the embedding of iron oxide nanoparticles.
3.1.3. Morphological characteristics. TEM images (Fig. 2a ) revealed that the MIIMS had a spherical morphology and a core-shell structure. The outer shells were much thinner than the interior magnetic cores, and the thicknesses of the mesoporous silica shells were observed to in the range of 3-5 nm.
3.1.4. BET analysis. The surface properties of the adsorbing material are signicant for the adsorption of heavy metal cation. Fig. 2b shows the N 2 adsorption-desorption isotherms of the MIIMS, which corresponded to a type IV isotherm with a hysteresis loop, conforming its mesoporous characteristics. The inset picture in Fig. 2b manifested that although the magnetization value decreased aer the assembling process, the MIIMS could respond to the external magnetic eld and could be completely separated from aqueous solution conveniently.
Binding properties of MIIMS
The complexation between heavy metal ions and ligand diamine groups are strongly inuenced by the ambient pH. Thus experiments were performed to explore the effects of solution pH on the adsorption capacity and imprinting factor (IF) of the MIIMS. Fig. 3 showed that the binding capacity of was observed at solution pH of 6.0 and 2.0, respectively. This could be attributed to the degree of protonation of the electrondonating nitrogen atoms in the Cd 2+ imprinted cavities, which reduced the binding ability of the amino group involved in chelation with Cd 2+ . However, MNIMS adsorbed Cd 2+ through nonspecic binding, which was weak compared to the specic adsorption exhibited by the MIIMS (Fig. 4) . When the pH value was low, the binding capacity of MIIMS was small, while precipitation of the metal hydroxide was expected at a high pH. Accordingly, we measured the adsorption tests within a pH range of 2.0 to 6.0, for the purpose of estimating the optimum pH. Synthesizes the binding capacity and selectivity, we used an acetic acid/sodium acetate buffer solution with a pH of 5 for conducting subsequent adsorption tests.
Scatchard analysis (Fig. 5 ) was used to estimated the binding data for assess the adsorption properties of MIIMS. The Scatchard equation is as follows:
where Q e (mmol g À1 ) is the equilibrium adsorption capacity, 
Kinetic study
Two different concentrations of Cd 2+ solutions were used for the adsorption kinetic study of the MIIMS. The results (Fig. 6 ) Fig. 3 The effect of pH on adsorption capacity and IF of MIIMS (experimental conditions: used 10 mL of 300 mg L À1 Cd 2+ solution, solid weight 10 mg, T ¼ 298 K). showed the equilibrium adsorption time is longer at high concentration of Cd 2+ . For concentrations of 30 and 300 mg L À1 , the adsorption of Cd 2+ reached equilibrium within 3.0 and 5.0 min, respectively. The times to reach adsorption equilibrium were much faster than that of a typical molecularly imprinted polymer adsorbent, 39, 40 and it was basically in line with common imprinted mesoporous silica. 26 We believe that the nanometer-sized wall thicknesses and large pore size of the mesoporous silica allowed Cd 2+ to readily access the imprinted sites.
To study the adsorption kinetics of Cd 2+ onto MIIMS, pseudo-rst-order and pseudo-second-order kinetic models were used. The pseudo-rst-order kinetic model is as follows.
The pseudo-second-order kinetic model is as follows.
where t (min) is the adsorption time; Q t (mg g
À1
) and Q e (mg g À1 ) are the adsorption capacity at time t (min) and at the equilibrium, respectively. k 1 (min
) and k 2 (mg g À1 min
) are pseudo-rst-order and pseudo-second-order rate constants of adsorption, respectively. The pseudo-second-order model (Fig. 7) was the best-tting model because it gave higher correlation coefficient (>0.99) than the pseudo-rst-order model (<0.90). Based on the pseudo-second-order model, it was assumed that the ratelimiting step may be chemical phenomena involving the electronic sharing of the Cd and the N of the functional monomer. . The results indicated that the MIIMS possessed good selective recognition ability, which stem from the imprinting effect of the MIIMS. Note that MNIMS had almost no selectivity, which was due to the random distribution of the chelating ligands in the mesoporous silica.
Selectivity study
Reusability and reproducibility
Reusability is a valuable attribute for economically viable adsorbent, and so we studied the reusability performance of MIIMS. Hydrochloric acid (4 mL, 2 mol L À1 ) was utilized to elute the Cd 2+ adsorbed by MIIMS for reuse. Fig. 9 indicated that MIIMS displayed good reusability without experiencing a marked decline in its adsorption capacity. The adsorption capacity of MIIMS reached 94.2% even aer six cycles. However, the decrease of adsorption capacity of MIIMS is inevitable aer many adsorption-regeneration cycles, which is a general feature of most imprinting polymers.
41
The reproducibility also was investigated, and ve batches of MIIMS prepared at different times were used. The relative standard deviations for the reproducibility of MIIMS were less 
Conclusions
In this paper, we introduced a set of procedures to fabricate magnetic ion imprinted mesoporous silica core shell nanocomposites with highly ordered periodic structure via a cocondensation method. The MIIMS combined the advantages of molecularly imprinted polymers, mesoporous silica materials, and magnetic materials. The MIIMS remains highly selective recognition, high adsorption capacity (25.2 mg g À1 ) and rapid adsorption kinetics (reach equilibrium within 4.5 min). By encapsulating magnetic core into ion imprinted mesoporous silica, MIIMS is quite easy to be separated and recycled, which makes it a novel solid phase extraction adsorbent. Therefore, it is convenient to apply MIIMS for the wasterwater treatment to remove cadmium presented in mineral effluent effectively and efficiently. Besides, this synthetic approach was simple, effective, economic, safe, environment friendly, and processes a good reproducibility, so it could also be used to prepare other metal ions imprinted mesoporous silica magnetic adsorbents. The wastewater treatment applications show that the concentration of Cd 2+ was lower than the discharge standard of China, resulting from the usage of MIIMS. However, the decrease of adsorption capacity of MIIMS is inevitable aer many adsorption-regeneration cycles, which needs further researches.
